INTRODUCTION
Friedreich's ataxia (FRDA) is the most commonly inherited recessive ataxia, striking approximately one in 50 000 (1) . FRDA pathology includes neurodegeneration of the large sensory neurons and spinocerebellar tracts, cardiomyopathy, impaired glucose tolerance and diabetes mellitus. The age of onset is variable; mild cases are occasionally observed, but reduced life expectancy is the norm. The progression of the disease has been elucidated using mouse knockout models (2, 3) .
FRDA results from reduced expression of frataxin, a nuclear encoded gene of controversial function. This reduction is caused by an expanded GAA repeat in the first intron of the gene (4) . Expanded strands can form triple helices and associate to form 'sticky DNA' complexes, which partially inhibit transcription elongation (5 -8) . The severity of the disease is proportional to the length of the expansion (9 -13).
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Frataxin's roles in iron -sulfur cluster functions
The precise function of frataxin has been unclear, but a role in iron -sulfur cluster (ISC) biosynthesis and repair or in enhancing in iron bioavailability, has been suggested (14) . Additionally, recombinant frataxins have been shown to interact with the IscU and the iron-sulfur proteins, ferrochelatase and mitochondrial aconitase (15 -18) .
Numerous studies have shown that frataxin plays a role in ISC biosynthesis and maintenance. Experiments in yeast have shown that the yeast frataxin homolog YHF1 interacts with the iron -sulfur scaffold protein Isu1 and the cysteine desulfurase Nsf1, and depletion of YFH1 reduces the maturation of ISC proteins (19 -23) . Microarray analysis of human cells has shown that frataxin depletion affects ISC transcripts preferentially (24) , and a recent study in human cells demonstrated that the ISC enzyme impairment was an early effect of frataxin deficiency (25) . At high concentration, frataxin can oligomerize into large complexes which bind iron (26 -30) and a putative iron-binding site has been mapped in the yeast and bacterial homologs (31, 32) .
Frataxin and heme
Several recent studies in yeast have shown a frataxindependent effect on heme biosynthesis. Lesuisse et al. (33) demonstrated that Fe-protoporphyrin IX levels were reduced in Dyfh1 mutants, whereas Zn -protoporphyrin IX levels were elevated. Lange et al. (34) demonstrated reduced heme synthesis in yeast mutated in various components of the ISC biosynthetic pathway, including Dyfh1.
The heme pathway is of particular interest in the pathology of FRDA because the terminal step in this pathway involves both iron handling and an ISC protein. Ferrochelatase, the final enzyme in the heme biosynthetic pathway, incorporates iron into protoporphyrin IX. It is an ISC protein in mammals, but not in yeast (35) . Multiple studies have demonstrated a physical interaction between frataxin and ferrochelatase (16, 17, 33) .
We have previously performed microarray analysis on human cells derived from FRDA patients. In this study, we have expanded on those results by performing microarray analysis on frataxin-deficient mouse hearts (2), cardiocytes and liver/hepatocytes. By combining murine and human results, we determined that, second to frataxin, the coproporphyrinogen oxidase and mature T-cell proliferation 1 transcripts were decreased within the largest number of mutant samples, suggesting an alteration in the heme pathway. We further demonstrate functional and biochemical alterations of the heme pathway and cytochrome oxidase and discuss these in terms of frataxin function and possible FRDA therapy.
RESULTS

Microarray analysis of frataxin-deficient mouse tissues
Microarray analysis was performed on four sets of frataxindeficient mouse tissues. Two sets were heart tissue taken from 5-and 10-week-old mice in which frataxin was disrupted using the muscle creatine kinase promoter (2) . Another set was derived from mice in which frataxin was specifically disrupted in murine hepatocytes (M. Ristow, unpublished data). The final set was derived from HL-1 mouse cardiocytes (36) transiently transfected with frataxin siRNA. Quantitative RT-PCR (QRTPCR) analysis confirmed a decrease in the frataxin transcript (data not shown).
Each data set was analyzed individually using dChip (37) . A total of 3696 unique genes were significantly altered in at least one data set. Of these, 2347 were down-regulated and 1349 were up-regulated (Table 1) . Thus, frataxin deficiency had a repressive effect on the transcriptome by a ratio of almost 2:1.
Frataxin produces a statistically significant alteration in mitochondrial-specific transcripts Significantly, altered transcripts were analyzed with respect to cellular compartment, using the program Onto-Express (38) . The mitochondrial compartment was the only one to be significantly altered in all comparisons (n ¼ 4), and the average corrected P-value was highly significant (P ¼ 0.00004, Table 2 ). A total of 54 mitochondrial genes were identified in this analysis. Of these, 44 were down-regulated and 10 were up-regulated (data not shown). Thus, conditional or complete knockout of frataxin in mouse tissues produces a highly significant and repressive effect on mitochondrial transcripts.
Frataxin deficiency across cell types and species causes deficiency of CPOX and MTCP1 transcripts
One way to identify the root causes of the observed mitochondrial-specific repression was to identify the broadest transcriptomal consequences of frataxin deficiency across species and cell types. To this end, we combined the mouse microarray data with human data on frataxin-deficient cells (24) . Significantly, altered mouse genes were cross-referenced for human orthologs, using the Affymetrix NetAffx database (39) , and the combined list was filtered for transcripts with significantly altered expression at the P , 0.05 criterion, altered in the same direction and present in at least two data sets. A total of 1132 transcripts satisfied these criteria, of which only the transcripts shared in more than four comparisons are shown (Table 3) .
The most consistent consequence of frataxin deficiency in mouse and human cells aside from the deficiency of frataxin Redundant probsets (representing the same gene) have been eliminated from the analysis and only unique gene names were counted. As many unique genes were significantly altered in multiple samples, the number of "all samples" do not reflect the sum total of individual samples.
transcript itself was an inhibition of two mitochondrial transcripts: coproporphyrinogen oxidase (CPOX) and mature T-cell proliferation 1 (MTCP1). Both transcripts appeared in six out of eight samples and were down-regulated. Cystatin B, mutations in which cause myoclonic epilepsy (40) and which has been proposed to form protein aggregates to cause neurological disease (41) , was up-regulated in 5/8 samples. Rhodanese, which functions in repair of Fe-S proteins, was down-regulated in 4/8 samples.
Confirmation of heme transcript decrease in frataxin-deficient mouse hearts and human lymphoblasts
The coproporphyrinogen oxidase transcript encodes mitochondrial coproporphyrinogen oxidase (CPOX), a heme biosynthetic enzyme which has been identified as a regulatory step in the heme pathway (42) . We confirmed that CPOX transcript levels were consistently decreased, using QRTPCR in human lymphoblasts (data not shown). Other iron -sulfur and heme-related transcripts were investigated by QRTPCR in 3-, 5-, and 10-week frataxin-deficient mouse hearts (2), including Isu1, CPOX, ALAS1 and ferrochelatase. Isu1, CPOX and ferrochelatase each showed a significant downregulation at 10 weeks (Fig. 1) . Additionally, a significant down-regulation of ferrochelatase transcript was observed in 7-and 8-week frataxin-deficient hearts.
Functional down-regulation of the heme biosynthetic pathway in human cells
The heme biosynthetic pathway converts d-aminolevulinate to the phototoxic product protoporphyrin IX (43) . Thus, if the transcriptional repression of coproporphyrinogen oxidase we observe by microarray and QRTPCR has a significant effect on pathway flux, we would predict mutant cells to be resistant to the phototoxic consequences of d-aminolevulinate exposure. FRDA and control lymphoblasts were challenged with d-aminolevulinate (ALA) for 0 -30 min, then exposed to 400-410 nm (blue) light for 5 min. Although both mutant and control cells were sensitized to blue light in a time-and dose-dependent manner, FRDA cells were significantly (P , 0.05) more resistant to blue light than controls at early time points, i.e. 30 min after feeding the cells 300 mM ALA (Fig. 2) . At later time points, this difference became nonsignificant, suggesting a kinetic inhibition of the pathway rather than an absolute block. Figures refer to fold change (frataxin deficient/control). H5, 5 week heart knockout; H10, 10 week heart knockout; HL1, HL-1 cells transfected with frataxin siRNA; L, 3 month liver knockout;
F, fibroblasts; LyT, FRDA patient lymphoblasts transfected with frataxin; Ly, lymphoblasts; NT2, cells transfected with frataxin RNAi.
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Buildup of protoporphyrin IX and decrease in hemes a and c in mutant mitochondria
If frataxin causes inhibition of the heme pathway, one might expect increases in heme metabolite levels upstream of the inhibited step and decreased metabolite levels downstream of the inhibited step (Fig. 3 ). Using HPLC, we investigated the levels of protoporphyrin IX and heme b in cellular extracts and heme a and heme b in mitochondrial extracts of human lymphoblasts. Protoporphyrin IX and heme b were elevated by 3.5-fold in cellular extracts of mutants ( Fig. 4A and B), consistent with a defect downstream of PpIX in the heme pathway. Although total cellular heme b levels were increased in mutants by 3.5-fold, mitochondrial heme b levels were not increased, i.e. they were not significantly different in mutants and controls (Fig. 4C ). In contrast, the ratio of mitochondrial heme b to heme a was significantly increased in mutants (Fig. 4D ), i.e. mitochondrial heme a levels were significantly decreased relative to mitochondrial heme b. Thus, frataxin deficiency results in a deficiency in mitochondrial heme a, an essential cofactor for cytochrome oxidase. We also observed a frataxin-dependent defect in heme c levels (discussed subsequently).
Alteration in Zn-chelatase but not Fe-chelatase activity
Given the earlier indications of a heme pathway inhibition and the fact that ferrochelatase is an ISC protein in humans, we studied the activity of ferrochelatase to insert either iron (i.e. Fe-chelatase) or zinc (Zn-chelatase) into protophorphyrin IX in human lymphoblasts. Although we observed Fe-chelatase activity in mitochondrial extracts, which was completely inhibitable by the ferrochelatase inhibitor N-methyl protoporphyrin IX, we observed no significant decrease in the mean and median Fe-chelatase activity in mitochondrial extracts of mutant extracts ( Fig. 5A ), consistent with another study (34) . In contrast, we did observe a small but significant increase in mutant Zn-chelatase activity (Fig. 5B ). There was no difference in ferrochelatase protein concentration in mutants versus controls, demonstrating that the increased Zn-chelatase activity was not the result of altered protein amount (Fig. 5C ). These data suggest that the defect in heme a and c production is not the direct result of a defective Fe-chelatase activity of ferrochelatase. The small increase in Zn-chelatase activity suggests that one of frataxin's functions may be to deliver iron to ferrochelatase and that under conditions of frataxin deficiency, ferrochelatase becomes less selective for iron insertion into PpIX.
Deficient heme c levels in cytochrome c of mutant cells
The heme pathway is split, in that heme b is a precursor for both heme a, which is inserted into cytochrome oxidase, and heme c, which is inserted into cytochrome c (Fig. 3) . We assayed heme c insertion into cytochrome c by the orthodianisidine heme stain and by western blot of human lymphoblasts (Fig. 6 ). Frataxin deficiency results in lower heme c staining by 40% (Fig. 6A) , and frataxin expression is significantly correlated with heme c levels (Fig. 6E ). Frataxin deficiency results in a decreased expression of mitochondrial cytochrome c protein (Fig. 6B) , by 15%. However, when normalized for cytochrome c levels, frataxin deficiency results in a further decrease of heme c insertion into cytochrome c, by 27%. Thus, the decreased heme c level in mutants is the result of two factors, less cytochrome c and deficient loading of heme c onto cytochrome c.
MTCP1 is a homolog of the COX17/COX23 cytochrome oxidase assembly protein
The other transcript down-regulated in frataxin-deficient cells as often as CPOX was MTCP1, i.e. in 6/8 comparisons.
MTCP1 is located at a chromosomal breakpoint that occurs in T-cell leukemias and ataxia-telangiectasia and is thought to be involved in cell proliferation (44) . The p8 isoform has a mitochondrial localization (45) and a novel protein structure (46) . We compared the p8 MTCP1 protein sequence against all known yeast genes using BLASTP (47) . The top matches were to three mitochondrial proteins: COX23, MRP10 and COX17. COX23 and COX17 are transport proteins located Figure 1 . QRTPCR results of iron -sulfur and heme-related transcripts from 3-, 5-and 10-week frataxin-deficient mice. Isu1, iron -sulfur scaffold 1; ALAS1, aminolevulinate synthase 1; FECH, ferrochelatase; CPOX, coproporphyrinogen oxidase. Error bars indicate standard deviation.
Ã P 0.05; ÃÃ P 0.001; ns, not significant. 
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in the mitochondrial intermembrane space and are thought to function together as metallochaperones for the delivery of copper to cytochrome oxidase (48) . Sequence alignments between MTCP1, COX17, COX23 and several other proteins involved in cytochrome oxidase assembly demonstrated that COX23 had the lowest distance score, whereas other cytochrome oxidase assembly proteins and the putative iron carrier protein MRS3 had higher scores (Figs 7A and B). For comparison, an unrelated yeast protein, histone protein Hht2p, had the highest distance score (Fig. 7B ). Structural alignments of p8 MTCP1 and COX17 generated with Cn3D (49) demonstrate that both molecules have a common loop structure (Fig. 7B ). COX17 and COX23 interact with SCO1 and SCO2, mutations in which cause cytochrome oxidase deficiency in humans (50, 51) . If MTCP1 is a functional homolog of COX23/17, this (along with the deficient heme a observed earlier) suggests that frataxin deficiency should cause cytochrome oxidase deficiency.
Cytochrome c oxidase activity, but not protein level of COX subunit I or II, is decreased in frataxin-deficient lymphoblasts
We demonstrated that mitochondrial heme b/heme a ratio is significantly increased in mutants, whereas mitochondrial heme b levels are not significantly different, thus heme a levels are decreased (Fig. 4) . Heme a is an essential component of cytochrome oxidase (COX). In addition, if the MTCP1 transcript is in fact the homolog of COX17/23 as our analysis suggests, the assembly or function of cytochrome oxidase should decrease, as is observed in COX17/23-deficient yeast (52) . In fact, we observed that cytochrome oxidase (Complex IV) activity was significantly decreased in frataxin-deficient human lymphoblasts by a mean level of 27% when compared with controls (P , 0.005, Fig. 8D ). In contrast, Complex I activity was unchanged, Complex III activity was significantly increased by 45% and Complex II activity was decreased by 30% (Figs 8A -C). We observed a significant correlation between frataxin levels and Complex IV activity (P , 0.005, Fig. 9A ). In contrast, western blot analyses demonstrated that protein levels were unchanged in two Complex IV subunits, COX I and II (Fig. 9B ). This deficiency of Complex IV activity in frataxin-deficient cells, without an alteration in the protein level of subunit I or II, is consistent with the idea that decreased heme a is available for cytochrome oxidase.
DISCUSSION
Frataxin-deficient mouse tissues exhibit mitochondrial-specific transcriptional inhibition
We microarrayed frataxin deficient in mouse hearts and liver, which exhibit pathology (2) (M. Ristow, unpublished data). We observed that significantly down-regulated transcripts outnumbered significantly up-regulated transcripts by an average of 2 : 1 (Table 1) . Thus, frataxin deficiency has an overall inhibitory effect on significantly altered transcripts. Human
Onto-Express software was used to analyze the lists of significantly altered genes. Onto-Express sorts a list of significantly altered genes into categories on the basis of cellular compartment, bioprocess or molecular function and then determines whether the distribution of categories is nonrandom. This analysis overwhelmingly supported the notion that the primary transcriptional effect of frataxin deficiency was on mitochondrial-specific transcripts (Table 2) . Of the 54 transcripts identified as mitochondrial specific, 44/54 (81%) were down-regulated, further supporting the notion that the frataxin deficiency produces a mitochondrial-specific transcriptomal inhibition. Thus, frataxin deficiency produces a repressive transcriptional effect, which is significantly mitochondrial. One question provoked by the analysis is what causes the inhibition of mitochondrial genes and functions.
The broadest transpecies and transcellular consequences of frataxin deficiency are down-regulation of coproporphyrinogen oxidase and MTCP-1
In order to determine the most consistent consequences of frataxin deficiency, we compared all microarray experiments we have carried out in mouse and human cells. Next to frataxin, the most frequent significantly decreased transcripts were those of coproporphyrinogen oxidase CPOX and MTCP1. In an earlier microarray study of human cells, the transcript encoding the mitochondrial iron -sulfur repair protein rhodanese scored very highly. It also scored well in this broader study, but not in as many samples as the CPOX and MTCP1 transcripts. Coproporphyrinogen oxidase has been previously described as a control point in heme biosynthesis (42) , and MTCP1 is a mitochondrial protein of (currently) unknown function. Our BLASTP analysis shows that MTCP1 is related to yeast COX23 and COX17, which are thought to function as mitochondrial metallochaperones (Fig. 7) .
Frataxin-dependent effects on heme flux and metabolites
The microarray data indicated a consistent transcriptional effect of frataxin deficiency on the heme pathway, and this was further confirmed by QRTPCR studies on heme related transcripts in 3, 5, and 10 week hearts ( Fig. 1) and at the biochemical level. We observed that frataxin-deficient lymphoblasts were transiently and significantly protected from aminolevulinate-dependent phototoxicity in a time-dependent manner, consistent with the defect in CPOX observed at the transcriptional level (Fig. 3) . We observed increased PpIX in mutants, which is consistent with a defect later in the heme pathway, and although total cellular heme b levels were also increased by about the same amount, mitochondrial heme b levels were not significantly increased in mutants. Furthermore, mitochondrial heme a levels were significantly decreased relative to the (unchanged) mitochondrial heme b in mutants (Fig. 4) . Thus, frataxin deficiency produces no significant alteration in mitochondrial heme b levels, but does decrease heme a levels. Consistent with the decrease in heme a levels, cytochrome oxidase activity was decreased, even though cytochrome oxidase subunits were not, as expected if the deficiency was a result of decreased heme a loading of cytochrome oxidase (Fig. 8) , and cytochrome c levels were also decreased.
The simplest explanation of all the data is that frataxin deficiency causes a defect subsequent to PpIX synthesis, which results in deficiencies of both heme a, which reduces the activity of cytochrome oxidase, and heme c, which results in decreased heme per cytochrome c molecule. It may be that the induction of Complex III we observed is an adaptation to decreased cytochrome oxidase activity and cytochrome c. In addition, the reduced availability of heme a may be what inhibits the transcription of the COX17/23 homolog MTCP1, which may then affect cytochrome oxidase activity.
A novel possibility suggested by the data is that frataxin may affect the specificity of metallation by ferrochelatase. This idea is supported by the observation that Zn-chelatase activity is increased in mutants, whereas Fe-chelatase activity is unchanged (Fig. 5) . The idea of frataxin as an "iron chaperone" for aconitase (18) and for ferrochelatase (33) has received support. If frataxin deficiency causes decreased metal specificity, then insertion of incorrect metals into hemes may decrease the insertion of these incorrectly metallated hemes into hemoproteins. Our observations of (33) and down-regulation of Fe-chelatase activity (34), however, no down-regulation of Fe-chelatase activity was observed in frataxin-siRNA-treated mammalian cells (25) . The other possibility suggested by the data is that frataxin supports the activity of the FeS enzyme adrenodoxin, which catalyzes the first step of the conversion of heme o to heme a. In this case, frataxin deficiency should lead to decreased adrenodoxin activity, decreased heme a levels (which we observe), and then decreased cytochrome oxidase activity, which is likely to feed back and inhibit multiple mitochondrial functions. Pharmacologically induced heme deficiency has previously been shown to cause a preferential loss of cytochrome oxidase activity (53) . Further studies should clarify this issue.
Frataxin deficiency inhibits MTCP1 levels
MTCP1 levels were consistently decreased as a consequence of frataxin deficiency in mutant mouse hearts and human lymphoblasts and fibroblasts. We demonstrate by amino acid homology that MTCP1 has similarity to the metallochaperones COX23 and COX17, and we demonstrated decreased cytochrome oxidase activity in the presence of similar amounts of subunits I and II (Fig. 9) , consistent with decreased heme insertion into cytochrome oxidase. The simplest rationalization of our data is that frataxin supports the biosynthesis of heme a, which then positively regulates MTCP1. The converse is that under conditions of frataxin deficiency, heme a deficiency occurs, which decreases heme insertion into cytochrome oxidase, and thus cytochrome oxidase activity, which should be especially important to the aerobic function of the heart.
Sharing of heme alterations among porphyrias and ataxias
Although we have demonstrated that frataxin deficiency causes alterations in transcripts and flux and heme metabolites levels in mammalian cells, we have not proven that it is these alterations that cause the neurodegeneration and cardiac dysfunction that occur in the disease. However, there are multiple connections between heme alterations and ataxia. Taketani et al. (54) demonstrated that ferrochelatase expression was regulated by expression of the mitochondrial iron/heme transport gene ABC7, mutations in which cause X-linked sideroblastic anemia and ataxia (55, 56) . Although porphyric symptoms have not been reported in FRDA patients, a defect in the conversion of PpIX to heme in Friedreich's patients was reported as early as 1979, although this was before identification of the frataxin gene (57) . Thus, the heme pathway alterations we demonstrate in human FRDA lymphoblasts could be on the same pathophysiological pathway as the neuro-and cardiodegeneration observed in the disease.
Implications for treatment and therapy
There are multiple implications of these results for treatment of patients with FRDA. Benzodiazepine drugs are known to antagonize the activity of coproporphyrinogen oxidase (58, 59) , whose transcript is inhibited in FRDA patient cells and frataxin-deficient mice, so the use of these drugs should probably be avoided in these patients. Steroid therapy, which stimulates the heme pathway, might also cause problems, given the apparent inhibition of a step subsequent to PpIX synthesis, and the buildup of toxic PpIX in mutants. It is hoped that a better understanding of heme metabolism in FRDA will lead to better patient outcomes. Fe. A 10 ml of lysate corresponding to 100 mg of mitochondrial protein were used per assay. Heme synthesis reaction was started by adding 5 ml of 100 mM ascorbate and 0.1 mCi of 59 FeCl 3 . (B) Zn-chelatase activity was measured fluorimetrically by the appearance of Zn-PpIX; fluorescence at 580 nm was read directly after excitation at 450 nm. (C) Ferrochelatase levels by densitometry analysis. AUD, arbitrary units of density. Results are expressed as mean + SEM of at least two experiments in duplicate for three controls and three FRDA mutants. Statistical analysis was performed by the Student's t-test.
Ã P , 0.05; ns, not significant.
MATERIALS AND METHODS
Biochemical reagents were purchased from Sigma (St Louis, MO, USA), Invitrogen (Carlsbad, CA, USA) or Bio-Rad (Hercules, CA, USA). Microarray chips were purchased from Affymetrix (Santa Clara, CA, USA).
Cell culture
All cells were maintained at 37 o C in a humidified atmosphere containing 5% CO 2 . Lymphocytes were grown in RPMI 1640 supplemented with 500 mg/l glutamate, 1 mM sodium pyruvate, 50 mg/ml uridine, 100 mM non-essential amino acids (Invitrogen, Carlsbad, CA, USA), 20% FBS and penicillin/ streptomycin. HL-1 cells were grown in MEM alpha modification medium supplemented with 10% FBS, 50 mg/ml endothelial cell growth supplement (Upstate Biotechnology, Lake Placid, NY, USA), 10 mg/ml insulin (Invitrogen), an additional 100 mM non-essential amino acids, 100 U/ml penicillin, 100 mg/ml streptomycin, 1 mM retinoic acid and 100 mM norepinephrine in plastic flasks coated with 12.5 mg/ ml fibronectin and 0.02% gelatin. NT2 cells were grown in DMEM supplemented with 10% FBS, 50 mg/ml uridine, 1 mM sodium pyruvate, 2 mM glutamine and 40 mg/ml gentamycin.
siRNA transfections
HL-1 cells were grown to 40 -70% confluency in complete medium without antibiotics. Two hundred nanomolar of siRNA (frataxin, GCA GAC CCC AAA CAA GCA AdTdT), Oligofectamine (Invitrogen) transfection agent and Opti-MEM(Invitrogen) were mixed and incubated at room temperature for 15 -20 min. The mixture was added to the cells for 4 h followed by adding growth medium containing 30% FBS. Cells were incubated 30 h and then harvested. Ã P , 0.05; ÃÃ P , 0.05; ÃÃÃ P , 0.001.
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Microarray
Mouse total RNA was extracted using Tri-Reagent (Sigma) and further purified using RNeasy (Qiagen, Valencia, CA, USA). RNA was labeled for hybridization to the microarray chips, according to the manufacturer's recommendations. Mouse hearts (three knockouts and three controls per time point) and HL-1 cardiocyte siRNA (three transfections and one untransfected control) were analyzed using the Affymetrix U74Av2 chip. Mouse livers (four knockouts and four controls) were analyzed using the MOE430 chip set. Data were analyzed individually for each sample type using dChip. Within each group, samples were normalized to the median intensity chip and fluorescence values generated using the perfect match-only model. Probesets with a pCall .40% and P , 0.05 were considered significantly altered. Frataxin met these criteria and was down-regulated in all samples except the 3-month liver knockouts. Western blot and RT -PCR analyses confirmed the knockout (data not shown).
Updated annotations and orthologs were obtained from the NetAffx database and multi-sample analysis performed by combining the dChip lists using Excel. Expression data for U74Av2 probesets were tabulated, then resorted by gene name. As many genes were represented by multiple probesets, redundant entries or those with expression in opposite directions within a single sample were eliminated. Liver knockout expression data (MOE430 chip set) were then added in, the combined listed sorted by gene name and redundant/opposite expression entries were again eliminated.
Significantly, altered probesets were categorized using Onto-Express (38) . The false discovery rate method was used to correct for errors generated by multiple t-tests.
Blue light sensitivity
Lymphoblasts were grown as earlier, except in RPMI media lacking Phenol red. ALA was diluted to 20 mM in phosphate buffered saline and the pH adjusted to 7.0. Prior to each experiment, cells were switched to medium containing 1% serum and 100 000 cells per well were plated in 24-well plates. The cells were fed with 300 mM ALA, incubated for 0 -20 min then exposed to 400 -410 nm light (DUSA Pharmaceuticals, Tarrytown, NY, USA) for 5 min. To control for heat, temperature, humidity and CO 2 effects, no light controls were covered with aluminum foil and placed on the light box alongside exposed samples. An equal volume of medium containing 20% FBS was added to each well after exposure, returning the samples to their original serum level. Cells were then incubated overnight and counted on a ViCell cell counter (Beckman Coulter, Miami, FL, USA).
Mitochondria isolation
Mitochondria were isolated from lymphoblasts following the method of Trounce et al. (60) . Approximately 1 Â 10 9 cells were harvested by centrifugation and the pellet was re-suspended with 4 ml of isolation buffer (210 mM mannitol, 70 mM sucrose, 1 mM EGTA and 5 mM HEPES, pH 7.2) per 
Western blot analysis
Mitochondria were lysed in 50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 1 mM PMSF, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 1% IGEPAL CA-630 (Sigma), at 48C for 30 min and insoluble material removed by centrifugation. Protein concentration was estimated using the Bradford assay (Bio-Rad). Equal amounts of lysates (30 mg) were resolved on a 15% SDS -polyacrylamide gel and then transferred to a PVDF membrane (Millipore, Bedford, MA, USA) by electroblotting. After blocking with 4% non-fatdry milk, the blot was incubated with anti-frataxin polyclonal antibody, anti-cytochrome c, anti-COX I or anti-COXII and was developed with AP-conjugated secondary antibodies using a chemiluminescent substrate.
Zinc-chelatase activity assay
Zinc-chelatase activity was measured fluorimetrically (61) in permealized pure mitochondria (20 mg) recording the fluorescence intensity of Zn -PpIX (exc. 420 nm; em. 587 nm). The incubation medium was: 50 mM Mes/15 mM Mops/ 70 mM Tris, pH 5.5, 50 mM protoporphyrin, 200 mM zinc acetate, 1% Triton, 1 mM palmitate and 1 mM DTT. Pure Zn -PpIX was used to calibrate the assay.
Determination of heme synthesis in mitochondrial lysates
Isolated mitochondria were lysed in 1% dodecylmaltoside in 40 mM HEPES/KOH, pH 7.4, 150 mM NaCl and 10% glycerol for 30 min at 08C. Aggregates were removed by centrifugation at 10 000 r.p.m. for 10 min at 48C. The amount of mitochondrial lysate corresponding to 100 mg of mitochondrial protein was used to evaluate the insertion of iron into PPIX in a 500 ml standard assay as described (34, 62) , using a buffer containing 40 mM HEPES/KOH, pH 7.4, 50 mM NaCl, 2 mM NADH and 1 mM deuteroporphyrin. The iron insertion reaction was started by adding 1 mM ascorbate and 0.1 mCi of 59 FeCl 3 , incubated for 10 min at 258C and stopped with 25 ml of 10 mM FeCl 3 in 5 N HCl. The mixture was then extracted with 500 ml of butyl acetate and 200 ml of the organic phase counted in a Gamma 5000 counter.
Mitochondrial enzyme activity assays
The activities of complexes I-IV of the respiratory chain were evaluated in mitochondrial isolates as previously described.
NADH : ubiquinone oxidoreductase activity was measured in three controls and two FRDA lymphoblast lines measuring the decrease in absorbance due to the oxidation of NADH at 340 nm, with 425 nm as the reference wavelength according to the method of Birch-Machin and Turnbull (63) with minor modifications. The assay medium consisted in 25 mM KH 2 PO 4 , pH 7.2, 5 mM MgCl 2 and 2 mM KCN. NADH (0.13 mM), ubiquinone 1 (65 mM) and antimycin A (2 mg/ml) were added to the assay medium and the absorbance recorded for 1 min at 308C. Mitochondria (previously freeze-thawed three times in hypotonic media), treated or untreated with 2 mg/ml rotenone for 5 min, were added and the absorbance was measured for 3 min. Complex I activity was considered the rotenone-sensitive NADH : ubiquinone oxidoreductase activity.
Succinate dehydrogenase, cytochrome c oxidase and citrate synthase were evaluated in mitochondria isolated from two control and two FRDA patients lymphoblasts.
Succinate dehydrogenase activity was measured by following the reduction of 2,6-dichlorophenolindophenol at 600 nm as described (63) .
Cytochrome c reductase activity was measured using a variation of the single wavelength spectrophotometric assay previously described (64) . The reduction of cytochrome c was monitored at 550 nm for 2 min at 308C. Mitochondria (50 mg) were incubated in a mixture containing 25 mM KH 2 PO 4 , pH 7.2, 200 mM NADH, 40 mM KCN, 100 mM cytochrome c and 1 mM rotenone. Activity was measured by calculating the change in absorbance +2 mg/ml antimycin A using e ¼ 18.5.
Cytochrome oxidase activity was evaluated by the single wavelength spectrophotometric assay previously described (65) with some modifications. Mitochondria (1.5 mg) were incubated with 2.5 mM dodecylmaltoside in 0.17 M KH 2 PO 4 , pH 7.0, for 3 0 at 308C, and, after recording the baseline, the reaction was started with 10 mM reduced cytochrome c. The COX activity was calculated from the pseudo-linear rate of cytochrome c oxidation at 550 nm.
Citrate synthase was evaluated as described (66) , following the disappearance of 5,5 0 -dithiobis(2-nitrobenzoic acid) at 412 nm.
Respiratory complex activity assays
Heme staining of cytochrome c
Mitochondrial extracts were separated on a 15% SDS -PAGE. Heme staining was performed as previously described (67) . HPLC analysis of coproporphyrin III, protoporphyrin IX and heme A Luna C-18, 4.6 Â 100 mm, 5 mm particle size column was used. Standards were prepared from coproporphyrin III, protoporphyrin IX, hemin (Frontier Scientific, Logan, UT, USA) and heme a (purified by Dr Eric Hegg, University of Utah and provided as a gift by Dr Brian Gibney, Columbia University). All data were analyzed using Millenium software (Waters, Milford, MA, USA).
Lymphoblasts were washed twice with ice-cold PBS and lysed with 5% HCl in acetone. After 20 min on ice, supernatants were collected for HPLC analysis after centrifugation at 18 000g for 3 min. Coproporphyrin III, protoporphyrin IX and heme were eluted using a step gradient of 10 min at 60% buffer A (0.5% trifluoroacetic acid in water) and 40% buffer B (0.5% trifluoroacetic acid in acetonitrile), 30 min at 50% buffer A and 10 min at 0% buffer A. The flow rate was 0.5 ml/min, and peaks were monitored at 405 nm.
Mitochondrial proteins (100 mg) were lysed with 5% HCl in acetone for 20 min on ice, centrifuged at 18 000g for 5 min and supernatants collected for analysis. The gradient used to measure heme b (hemin) and heme a was from 100% buffer A (35% acetonitrile, 0.08% trifluoroacetic acid) and 0% buffer B (0.08% trifluoroacetic acid in acetonitrile) to 0% A and 100% B over 45 min with a flow rate of 1.0 ml/min. Peaks were monitored at 405 nm.
